have identified several neurodevelopmental genes as possible candidate genes involved in ADHD (Li, Chang, Zhang, Gao, & Wang, 2014; Poelmans, Pauls, Buitelaar, & Franke, 2011) .
The G protein-coupled receptor kinase interacting protein 1 (GIT1) gene, which is located on chromosome 17p11.2, has been suggested as a novel candidate gene for ADHD (Won et al., 2011) . GIT1 is the gene for a multifunctional adaptor protein and plays an important role in cell migration (Penela, Nogues, & Mayor, 2014; Podufall et al., 2014) and neurite outgrowth (Li et al., 2016) . Furthermore, GIT1 regulates synapse formation (Kim et al., 2003; Menon et al., 2010; Zhang, Webb, Asmussen, & Horwitz, 2003) and the endocytosis of β 2 -adrenergic receptors and other G protein-coupled receptors (Claing et al., 2000; Premont et al., 1998) . Won et al. (2011) evaluated 27 single nucleotide polymorphisms (SNPs) in the GIT1 gene and found that rs550818 is associated with the risk of ADHD in Korean children. However, a Brazilian case-control study and a recent meta-analysis could not replicate this finding (Klein et al., 2015; Salatino-Oliveira et al., 2012) ; this discrepancy may be due to the fact that these studies primarily included subjects with Caucasian backgrounds. As different genetic backgrounds are associated with different allele frequencies and risks for diseases, the interpretation of these findings is difficult.
To determine the relationship of GIT1 with ADHD, studies investigating the interaction of GIT1 with other candidate ADHD genes may be helpful. Of the genes that are known to be associated with ADHD, the DRD4 exon III 48 base pair variable number tandem repeats (VNTR) polymorphism is one of the most extensively investigated candidates. DRD4 proteins are expressed in multiple brain regions that are thought to be involved in the etiology of ADHD (Floresco & Tse, 2007; Noain et al., 2006) . The DRD4 gene is located on chromosome 11p15.5; the exon III 48 bp VNTR polymorphism can include 2-11 repeats. Recent meta-analyses have suggested that the DRD4 7-repeat (7R) allele is associated with ADHD (Faraone & Mick, 2010; Li, Sham, Owen, & He, 2006) ; however, Asian populations, including Koreans, rarely exhibit this allele (Tomitaka et al., 1999) . Instead, in the Korean population, the 4-repeat (4R) allele has been found to be associated with variables on the continuous performance test (CPT) and methylphenidate treatment response (Cheon, Kim, & Cho, 2007; Kim et al., 2009 ).
As GIT1 plays an important role in regulation of the endocytic traffic of numerous G protein-coupled receptors, including dopamine receptors (Claing et al., 2000; Premont et al., 1998) , it is possible that the actions of GIT1 and DRD4 are influenced by each other. It is also known that specific endophenotypes tend to be advantageous in terms of statistical power in genetic studies with small sample sizes and may provide insight into how genetic variants affect behavioral phenotypes (Durston, 2010) . Therefore, this study utilized variables associated with the CPT as endophenotypes of ADHD. The primary purpose of this study was to investigate the independent and interaction effects of GIT1 rs550818 and the DRD4 48-bp VNTR 4R allele on CPT variables in patients with ADHD. As GIT1-/-mice exhibit hyperactivity and impaired learning and memory (Won et al., 2011) and the DRD4 4R allele is associated with commission errors in the Korean population (Kim et al., 2009) , it was hypothesized that there would be significant interaction effects between GIT1 and DRD4 on the CPT variables.
| MATERIALS AND METHODS

| Participants
This study included 255 children and adolescents with ADHD and 98 healthy controls (HC) between 6 and 17 years of age who were recruited between August 2010 and February 2015. For this study, participants from two studies that were conducted using the same protocol were combined into a single subject pool; detailed explanations of both study protocols and the combined protocol have been provided elsewhere (Kim et al., 2016) . The first study initially recruited 90 ADHD patients and 33 HCs; after excluding five ADHD patients with missing CPT data and one HC with missing genetic data, 85 ADHD patients and 32 HCs were assessed . The second study initially recruited 191 ADHD patients and 78 HCs; after excluding four patients with missing visual data and 17 patients with missing genetic data from the ADHD group and one subject with missing CPT data and 11 subjects with missing genetic data from the HC group, 170 ADHD patients and 66 HCs were assessed (Park et al., 2015) . (Kaufman et al., 1997; Kim et al., 2004) . The exclusion criteria for ADHD were as follows:
IQ < 70; a hereditary genetic disorder; current or past history of brain trauma, organic brain disorder, seizure, or any neurological disorder; autism spectrum disorder, communication disorder, or learning disorder; schizophrenia or any other childhood-onset psychotic disorder; major depressive disorder or bipolar disorder; Tourette's syndrome or a chronic motor/vocal tic disorder; obsessive compulsive disorder; and/ or a history of methylphenidate treatment lasting for more than 1 year or having taken the drug within the past 4 weeks. The HC group included typical-development children and adolescents who were free of any psychiatric diagnoses according to the K-SADS-PL. The same exclusion criteria for the ADHD group were applied to the HC group with the additional criterion of an ADHD diagnosis.
IQ was measured using the Korean Educational Developmental
Institute's Wechsler Intelligence Scale for Children (Park, Yoon, Park, & Kwon, 1996) , and the severity of ADHD symptoms was measured using the parent-completed ADHD Rating Scale-IV (ADHD-RS) (So, Noh, Kim, Ko, & Koh, 2002) . Written informed consent was obtained from all parents/guardians and adolescents, and the children provided verbal assent to participate after sufficient explanation of the study prior to enrollment. All study protocols were approved by the Institutional Review Board of Seoul National University Hospital.
| Genotyping
Genomic DNA was extracted from blood samples that had been frozen and stored using a G-DEX II Genomic DNA Extraction Kit (Intron Biotechnology; Seongnam, Korea). SNPs were detected using Sanger 
| Continuous performance test
Impulsivity and inattention were measured using a Korean version of the computerized CPT that has well-established validity and reliability (Shin, Cho, Chun, & Hong, 2000) . Visual stimuli were presented on a screen for 100 ms every 2 s. The participants were instructed to respond to the target stimulus (square containing a triangle) but not to the non-target stimuli (square containing either a square or a circle). Performance was assessed based on three variables: (1) omission errors (failure to respond) as a measure of inattention, (2) commission errors (false response) as a measure of impulsivity, and (3) response time variability (the standard deviation [SD] of the response times of correct responses) as a measure of sustained attention. All data were automatically transformed into T-scores adjusted for age relative to a normal population of 847 children between 5 and 15 years of age (Shin et al., 2000) ; lower T-scores indicate better performance.
| Statistical analysis
The Hardy-Weinberg equilibrium was calculated for each gene variant using the goodness-of-fit Chi-square test. The genotypes of the GIT1 variant were classified as C/C and C/T, and the genotypes of the DRD4 variant were classified as 4R allele homozygotes and others. Demographic and clinical characteristics were compared between ADHD and HC groups and between genotype groups of the GIT1 variant using independent t-tests for continuous variables and Chisquare or Fisher's exact tests for categorical variables. The genotypic and allelic distributions of the GIT1 and DRD4 variants were compared between ADHD and HC groups with Chi-square tests.
The main genotype effects and the genotype × genotype effects on CPT variables were tested using hierarchical multivariable linear regression analyses in the combined ADHD and HC (ADHD + HC) group and in the ADHD and HC groups independently. Age and gender were included in Block 1, the GIT1 and DRD4 genotype groups were included in Block 2, and GIT1 × DRD4 was included in Block 3; in case of the ADHD + HC group, age and gender were included in Block 1, the GIT1 genotype, DRD4 genotype, and diagnosis were included in Block 2, and GIT1 × DRD4 was included in Block 3. A post hoc analysis to determine the direction of interaction was conducted by investigating the effects of the DRD4 variant genotype groups on CPT variables in the GIT1 C/C and GIT1 C/T groups independently.
To determine the three-way interaction effect of diagnosis, and GIT1 genotype and DRD4 genotype groups, we further conducted multivariable linear regression analyses with each CPT variables as independent variables, and the main effects, two-way interactions and three-way interactions as dependent variables (Schaafsma et al., 2017) . Diagnosis, GIT1 and DRD4 genotype groups were placed in Block 1, the diagnosis × GIT1, diagnosis × DRD4, and GIT1 × DRD4 in Block 2, and diagnosis × GIT1 × DRD4 was included in Block 3.
All statistical analyses were performed using SPSS ver. 22.0 software (SPSS Inc.; Chicago, IL) (SPSS: RRID: SCR_002865); a two-tailed p-value < .008 (0.05/[2 gene variants × 3 CPT variables]) was considered to indicate statistical significance.
| RESULTS
The demographic and clinical characteristics of the ADHD and HC groups are presented in Table 1 . As significant differences in age and gender were observed between the ADHD and HC groups, age and gender were included as covariates in the CPT analyses. There were no significant differences in annual income or paternal and maternal educational levels between the two groups. The ADHD group had significantly higher ADHD-RS total, inattention, and hyperactivityimpulsivity scores (p-values < .001). Of the CPT variables, there was a significant diagnosis effect for mean omission errors, commission errors, and response time variability (p-values < .001). There were no significant differences in demographic and clinical characteristics according to the genotype group of the GIT1 or DRD4 variant in the ADHD and HC groups.
The genotypic and allelic distributions of the two polymorphisms are shown in Table S1 and number of participants in each genotype group is presented in Table S2 . Each of the genotypes of the gene variants was in agreement with the values expected based on the Hardy-Weinberg equilibrium (p > .05); no differences were observed in the allelic or genotypic frequencies of the GIT1 and DRD4 variants between ADHD and HC groups.
The genotype and genotype × genotype effects of the GIT1 and DRD4 variants on CPT are presented in Table 2 . In the ADHD + HC group, there were significant effects of DRD4 on commission errors (p = .003). In the ADHD group, there were significant effects of DRD4 and GIT1 × DRD4 on commission errors (p = .004, and p = .006, respectively, Figure 1 ). On the other hand, there were no main genotype effects of the GIT1 or DRD4 variants or an interaction effect of GIT1 × DRD4 variants on any of the CPT variables in the HC group. The post hoc statistical power was 78%.
The results of the post hoc analyses of the interaction effects are summarized in Table 3 . Compared with the GIT1 C/T + DRD4 others group, the GIT1 C/T + DRD4 4R/4R group had significantly more commission errors (p < .001) and greater response time variability (p = .003) in the ADHD + HC group, as well as more omission errors and commission errors and greater response time variability (p = .001, p < .001, and p < .001, respectively) in the ADHD group (Figure 1 ).
However, these associations were not significant when the GIT1 C/C group was analyzed separately.
There were no significant results in the three-way interaction analysis of diagnosis, GIT1 genotype and DRD4 genotype (Table 4) .
| DISCUSSION
To our knowledge, this study is the first to investigate the interaction effects of GIT1 rs550818 and DRD4 48 bp VNTR gene variants on CPT variables such as commission errors and response time variability, which are well-established neurocognitive endophenotypes of ADHD (Kebir & Joober, 2011) . This study found significant effects of GIT1, DRD4, and GIT × DRD4 on commission errors in the ADHD group, but not in the HC group. Furthermore, post hoc analyses revealed that the DRD4 variants were significantly associated with CPT variables in the GIT1 C/T group but not in the GIT1 C/C group. These results agree with those of a previous study that found that the C/T genotype is significantly associated with susceptibility to ADHD (Won et al., 2011) . The diagnosis × GIT × DRD4 was not significant, but due to the small sample size of this study, it would be difficult to draw a definite conclusion without further studies with larger sample sizes.
In the ADHD group, the GIT1 C/T + DRD4 4R/4R group had more omission and commission errors and higher response time variability scores than the GIT1 C/T + DRD4 others group. These results are not in line with those of a previous study which found that the homozygosity of the 4R allele at DRD4 is associated with fewer commission errors and less response time variability in a Korean sample of ADHD patients (Kim et al., 2009) . A majority of research on DRD4 has investigated the 7R allele, which is rare in Asian populations, including Koreans (Lichter et al., 1993 
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protective allele, and no study has found the risk allele yet), the results of studies comparing the effects of DRD4 4R/4R and other genotypes may differ according to the frequencies of each allele included in the other genotype groups (e.g., 2R, 7R, etc.).
After the first GIT1 study by Won et al. (2011) , subsequent studies have not been able to replicate the association between GIT1 rs550818 and ADHD. For example, a Brazilian case-control study and a meta-analysis both failed to find a significant relationship between GIT1 rs550818 and ADHD (Klein et al., 2015; Salatino-Oliveira et al., 2012) ; however, these discrepancies may be due, at least in part, to differences in the genetic backgrounds of the participants. The allele frequencies in these two replication studies (Klein et al., 2015; Salatino-Oliveira et al., 2012) Of note, this study is the first to report a significant effect of a GIT1 variant on CPT variables in patients with ADHD. Won et al. (2011) showed that GIT1 −/− mice exhibit ADHD-like phenotypes, including hyperactive behavior and learning and memory impairments.
However, studies that used the Sustained Attention Dots (SAD) task, digit span task, flanker task, Sustained Attention to Response Task (SART), delay discounting task, and trail-making task to investigate the behavioral phenotype of GIT1 in humans have all produced negative results (Klein et al., 2015; Salatino-Oliveira et al., 2012; Won et al., 2011) . The CPT is one of the most common neuropsychological tests used to assess sustained attention, inhibitory control, and attentional regulation in patients with ADHD (Castellanos et al., 2005; SonugaBarke & Castellanos, 2007) and the variables of this test have been proposed as a promising endophenotype for ADHD (Kollins et al., 2008) . The discrepancy between the present results and those of previous studies may be due to the reasons described above; namely, differences in the genetic backgrounds of the participants and a lack of consideration for gene-gene interactions.
Previous studies have indicated that GIT1 rs550818 is a functional SNP; the minor allele confers a reduction in the expression levels of GIT1 (Klein et al., 2015; Won et al., 2011) . GIT1 is a ubiquitous multidomain protein involved in diverse cellular processes and acts as a .085 8.20 (−2.74, 19.14)
. overexpression of GIT1 disrupts the internalization of numerous G protein-coupled receptors (Claing et al., 2000; Hoefen & Berk, 2006; Premont et al., 1998) , including dopamine receptors; this may be the mechanism underlying the GIT1 × DRD4 effects on impulsivity and response time variability in ADHD patients observed in this study.
Intracellular signal transduction systems are regulated by different G proteins according to the type of dopamine receptor; dopamine D1
and D5 receptors are coupled with G protein G αs and activate adenylyl cyclase, whereas dopamine D2, D3, and D4 receptors are coupled with G protein G αi and inhibit adenylyl cyclase (Wu, Xiao, Sun, Zou, & Zhu, 2012) .
In this study, there were no significant differences regarding the distributions of the genotype or allele frequencies of the GIT1 and DRD4 variants between the ADHD and HC groups, in contrast to other study results. Because the genetic effects of a single SNP in ADHD populations are weak and large sample sizes may be needed to detect significant differences, the negative results of this study may be due to the small sample size. One limitation of case-control studies is proneness to population stratification. However, the Korean population has a highly homogeneous genetic background and, thus, the possibility of population stratification is unlikely. It is also possible that gene-gene or gene-environment interactions were the cause of the present discrepancies with other genetic association studies. In terms of DRD4, most case-control studies of the Korean population have produced negative results and consisted of small sample sizes (Ji, Paik, Park, & Lim, 2013) . Thus, GWAS and/or meta-analysis studies targeted for Asian populations will be required to determine the nature of the relationships among GIT1, DRD4, and ADHD.
This study has several limitations that should be noted. First, the sample size was relatively small for genetic analyses, particularly for the GIT1 C/T subgroup in the HC group (n = 9); this may have negatively affected the statistical power of the results. There were significant differences in age and gender between the ADHD and HC groups but we included these as covariates to compensate for this limitation. Additionally, all subtypes of ADHD were included in this 
| CONCLUSIONS
The present results suggest that impulsivity in ADHD patients was CPT, continuous performance test; ADHD, attention deficit/hyperactivity disorder; HC, healthy control; ADHD + HC, ADHD and HC groups combined: CI, confidence interval; SD, standard deviation.
a Diagnosis, GIT1 and DRD4 genotype groups in first block; Diagnosis × GIT1, Diagnosis × DRD4, and GIT1 × DRD4 in second block; Diagnosis × GIT1 × DRD4 in third block.
